Background: Mechanotransduction plays a pivotal role in remodeling and repair of skeletal tissues. This mechanism has been widely used in bone tissue engineering especially under in vitro conditions. To date, various stem cells have been used for this purpose. The present study was the first to evaluate the effect of mechanical loading on differentiation of human endometrial stem cells (hESCs) to osteoblasts. Materials and Methods: Adhesion of endometrial stem cells after isolation and culture on a silicone membrane covered with collagen was evaluated under scanning electron microscope (SEM). Twenty-four hours after cell culture on the membrane and ensuring appropriate cell adhesion, a group of cells in a conventional culture medium received 3% static uniaxial strain. In the positive control group, cells cultured on the membrane were placed in an osteogenic medium without receiving any mechanical strain. The negative control group was placed in a regular medium and received no strain either. Two weeks later, cultured cells were evaluated for expression of osteogenic markers using immunofluorescence staining and real-time polymerase chain reaction (PCR). Data of real-time PCR was analyzed by ANOVA. P < 0.05 was considered statistically significant. Results: SEM analysis revealed adequate cell adhesion to the membrane after 24 h. Two weeks after loading, expression of markers in the positive control group was significantly higher compared to test group. Conclusion: We can conclude that static uniaxial strain exerted on hESCs results in their differentiation to osteoblasts. However, this magnitude of static strain in the tested time period cannot yield excellent differentiation when compared to the osteogenic medium.
INTRODUCTION
During the past decades, great advancements have occurred in bone tissue engineering. At present, bone tissue engineering is a potentially better treatment option for replacement of injured bone in comparison to conventional treatments. [1] Osteogenic factors or mechanical signals can be used for bone tissue engineering. Numerous studies have demonstrated that mechanical forces can stimulate the synthesis of bone extracellular matrix. They may even enhance the mechanical properties of formed tissues. There is lots of evidence supporting the important role of mechanical forces in enhancing bone remodeling. [2] On the contrary, studies have shown that absence of load can result in tissue atrophy and bone loss. [3] Mechanical forces can also regulate fetal growth and development. Studies on completely paralyzed avian embryos have revealed specific growth defects in the mandible and large bones which indicate that muscle contraction and the resultant forces are necessary for skeletal development and correct morphogenesis of tissues. [4] Mechanosensing is a process through which a biophysical mechanism converts the deformation into a biochemical response that can move the gene or alter its expression. Several studies have investigated the effect of mechanical forces on osteoblasts. [5] These studies raised the question whether mechanical loading is also effective on the differentiation of stem cells to osteoblasts. The answer to this question can be important in bone tissue engineering for reconstruction of bone loss due to injury or osteoporosis. In tissue engineering, transplantation of stem cells that have been cultured on a proper scaffold and differentiated into osteoblasts under the induction of mechanical signals can replace the use of autologous bone grafts which are associated with great patient discomfort. [6] The response of bone marrow stem cells to the mechanical signals has been evaluated in many studies. [7] [8] [9] However, the process of isolation of these cells is usually painful and requires general anesthesia. Also, the heterogeneous cell population obtained from the bone marrow contains a mixture of differentiated and undifferentiated cells.
Endometrial stem cells are a new source of stem cells present in the uterine endometrium that probably play a role in cyclic endometrial regeneration. [10, 11] Chan, et al., detected a population of stem cells in the human endometrium that had clonogenic activity. [12] Also, Gargett, et al., assessed the proliferation and differentiation potential of these cells. [13] Some other researchers evaluated the ability of endometrial stem cells to differentiate into three cell lineages and confirmed their mesenchymal origin. [14] Since no study has investigated the effect of mechanical signals on endometrial stem cells, this study aimed at assessing the effect of uniaxial static mechanical strain on differentiation of endometrial stem cells to osteoblasts and comparing it with the effect of osteogenic factors.
MATERIALS AND METHODS
All cell culture chemicals and supplies were purchased from Sigma (NY, USA) and Gibco-BRL (Grand Island, NY, USA) unless otherwise noted.
Isolation and culture of endometrial stem cells
A biopsy sample was obtained from the uterine endometrial tissue of women in the age range of 20 to 50 years presenting to the Gynecology Department of Shariati Hospital because of infertility problems, using a biopsy device. These patients were in days 19 to 24 of their menstrual cycle, did not have endometriosis, fibroma or any other uterine conditions, did not have intrauterine device (IUD) and had not used any hormonal medications in the past three months prior to biopsy. All procedures were confirmed by the Ethics Committee of Shahid Beheshti University of Medical Science and written informed consent was obtained from all patients. Biopsy specimens were transferred to the reference laboratory of cell and molecular oral biology (Shahid Beheshti University of Medical Science, Tehran, Iran) under sterile conditions. Isolation steps were carried out according to the published protocols. [15] In summary, endometrial tissue was chopped by a scalpel and then subjected to collagenase type IA (2 mg/ml) digestion for 2 h at 37°C. After tissue digestion, epithelial and stromal cells were separated by passing through 70-µm and 45-µm filters. After passing through the filters, cells were centrifuged at 1000 g for 15 min and purified using Ficoll. The cells were then washed with phosphate-buffered saline (PBS) for several times. The obtained cell sediment was suspended in 5 ml conventional culture medium containing Dulbecco's Modified Eagle's Medium (DMEM), 1% antibiotic 100 and 10% fetal bovine serum (FBS) and after transferring to the flask was incubated at 37°C, 5% CO 2 and 95% moisture. Culture medium was refreshed every three days. After proliferation and covering approximately 70% of the flask surface, the cells were passaged using trypsin. For characterization, they were analyzed by flow cytometry and they were directionally differentiated towards adipogenic, and osteogenic lineages. Passage 4-5 cells were used for this study.
Membrane preparation
Medical-grade silicone membrane was used in this study. In order to enhance cell adhesion, the membrane surface was covered with 0.5 mg/ml Type I collagen (Sigma) in 0.2% citric acid. Cell suspension in an amount of 1 × 10 6 cells in 100-microliter culture medium was transferred to the membrane and placed in an incubator for 24 h.
SEM preparation
After 24 h, cells were fixed in 2.5% glutaraldehyde for 2 h in a refrigerator. They were washed with buffer and dehydrated using alcohol of different percentages. The samples were then air-dried. Cell-containing membranes were evaluated under scanning electron microscope at 24 kV (KYKY-EM3200, China).
Static uniaxial strain
In order to apply mechanical strain to the human stromal stem cells cultured on a silicone membrane, a uniaxial strain device designed in the National Cell Bank of Iran [16] was used [ Figure 1 ]. The exerted strain was static, uniaxial and with a magnitude of 3% and conventional culture medium (DMEM, 10%FBS, 1%antibiotic/antimycotic) was used in the test group. Positive and negative control groups did not receive any strain and were placed on silicone membrane in cell culture plate containing respectively, osteogenic medium (containing dexamethasone, ascorbic acid and b-glycerophosphate) or conventional medium (DMEM/10%FBS/antibiotic). The medium used for cells cultured on the scaffold was refreshed after 24 h or the cells were transferred to the device.
Immunofluorescence
Two weeks after culturing the cells on the scaffold, expression of osteocalcin in the cells was evaluated using immunofluorescence in order to determine the induction of osteogenic markers in response to tensile strain. [17] Cells in the three groups of test, positive and negative control were washed with PBS and fixed with 4% paraformaldehyde at 4°C for 30 min. Nonspecific antibodies were blocked with 0.5% goat serum for an hour and the samples were incubated with osteocalcin primary antibodies (polyclonal rabbit anti-bovine with cross-reactivity to human, 1:50 dilution, Chemi-Con, Temecula, CA) overnight at 4°C. Incubation with secondary antibodies (anti-mouse IgG-FITC 1:160 dilution; Sigma, St. Louis, MO) was done for 3 h. In the final step, cells were washed with PBS and photographed using florescent microscope.
Real-time PCR
Real time PCR was used for quantitative analysis of osteocalcin and alkaline phosphatase (ALPL) expression. RNA extraction from the cells was done using RNeasy Plus Mini Kit (QIAGEN, MD, USA) followed by cDNA synthesis using QuantiTect Rev. Transcription Kit (QIAGEN, MD, USA). In this way, RNA extraction was done according to the manufacturer protocol, with minor modifications. The important advantage of this kit is elimination of genomic DNA. The concentration and purity of all extracted RNAs were measured. So RNA quality was determined utilizing spectrophotometry (Nanophotometer™, Implen, Germany). After checking the quality of RNAs, high-quality RNA samples (A260/280 ≥ 1.8) were selected for further experiments and kept at −80°C until the suitable time for cDNA synthesis. QuantiTect kit was chosen for two reasons: 1 -This kit could provide DNA from 10 pg to 1 µg RNA amounts; 2 -RT buffer of the kit was compatible with SYBR Green Real-Time PCR buffer. These two properties make the reagents of the kit appropriate for Real-Time PCR.
In the next step an electrophoresis was done to verify the integrity of the cDNA (data not shown).
Two genes were selected as early and late osteoblastic target genes and RPL-13A (ribosomal protein large subunit-13a) was selected as housekeeping gene. Alkaline phosphatase (ALPL) is expressed in the early stage of osteoblastic differentiation and osteocalcin (OCN) is expressed in the late stage of differentiation.
Primers were designed using Primer Express v3.0 software. All primers which were recommended by Primer Express were checked with gene runner to analysis of oligos.
The sequence of primers for RPL13A, osteocalcin (OCN) and ALPL was as follows:
Forward primer = 5′-AACGCCGACCAAGGAAAACT-3′, Reverse primer = 5′-GGCCACAGCATCTGGGTATT-3′.
ALPL:
Forward primer = 5′-CCTGGACCTCGTTGACACCT-3′, Reverse primer = 5′-GTCCCCTGGCTCGAAGAGA-3′. The Real-Time PCR experiments were performed on ABI StepOne system using StepOne v2.1 software. Each reaction mixture contained 5 µl cDNA, 5 pmol of each primer (Forward and Reverse), 10 µl of SYBR Green PCR master mix (Applied Biosystems, Foster City, USA) and 4 µl of double distilled water (D.D.W). The following thermal cycling profile was used: holding stage set at 95°C (10 min); cycling stage set at temperatures varying from 95°C (15 sec) and 60°C (1 min) ( 40 cycles) ; and melt curve stage set at 95°C (15 sec), 60°C (1 min) and 95°C (15 sec). The assay experiments were performed in triplicate and mean C T of triplicate reactions was applied in data analysis. mRNA expression of target genes was normalized to RPL-13A gene expression. Relative gene expression was achieved using this formula: 
Statistical analysis
SPSS version 16.0 software was used for statistical analysis. All samples were averaged and the means and standard deviation (SD) calculated for each group and was compared using one-way analysis of variance (ANOVA). Values were presented as mean ± standard deviation for the individual groups. P < 0.05 was considered statistically significant. Figure 2 , 24 h after cell culture on the membrane, SEM indicated adequate adhesion of cells to the collagen-covered membrane.
RESULTS

As demonstrated in
Using immunofluorescence study, osteocalcin expression was observed after two weeks in both groups under mechanical and chemical signals while osteocalcin expression was not detected in the negative control group [ Figure 3] .
The mRNA expression level of ALPL and OCN relative to RPL-13A was determined by Real-time PCR. As presented below [ Figure 4 ] chemical induction has greater effects on endometrial stem cells to direct osteogenic differentiation as compared to static uniaxial mechanical stretch.
DISCUSSION
The role of mechanical forces in the differentiation of stem cells has been the focus of attention during the recent years. Although differentiation of endometrial stem cells in the presence of osteogenic factors has been demonstrated in the literature, it has not been specified how these cells respond to mechanical forces. In this study, we sought to assess the effect of mechanical strain on these cells without using any biochemical reagent.
All cells are mechanosensitive; but the main question is which cells can play a more prominent role in this respect? Many researchers have assessed the effect of tensile stimuli on bone marrow stem cells. [18] [19] [20] However, to the best of our knowledge, the effect of such stimuli on endometrial stem cells has not been investigated. Considering the optimal properties of these cells and the possibility of angiogenesis, [15] which is an important factor in bone tissue engineering, the present study used endometrial stem cells as the cell source.
Since the first interaction between cells and the scaffold is done through cell adhesion, surface characteristics of the substrate play a key role in success of tissue engineering. [21] Cell adhesion results in attachment of cells to the substrate and provides signals that induce cell differentiation. [22] Some researchers have demonstrated that covering the substrate surface with extracellular matrix molecules such as collagen, fibronectin, or laminin improves efficient cell seeding and enhances expansion of cells on the substrate. [23, 24] In this study, Type I collagen was used for covering the surface of silicone membrane. SEM images obtained 24 h after the transfer of cells on the scaffold demonstrated adequate adhesion of cells to the substrate.
In general, chemical induction is the most commonly used method for stem cell differentiation. However, at present it has been revealed that tissue engineering in tissues that are under strain requires mechanical stimuli as well. [25] Use of uniaxial tensile strain is a mechanical stimulation technique for successful induction of bone remodeling. [26] In the present study, the test group receiving mechanical strain was placed in a conventional medium and was compared after two weeks with cells placed in an osteogenic medium with no mechanical force application. The results demonstrated that the level of differentiation in the positive control groups was more than the test group. Sumanasinghe, et al., in their study reported that even in the absence of osteogenic medium, 10% uniaxial tensile strain can differentiate bone marrow stem cells after one week. [9] Our study demonstrated that mechanical stimuli alone can initiate osteogenic differentiation in endometrial stem cells. The type of strain used in this study was static strain. Although dynamic forces can better mimic normal in vivo conditions, several studies have also demonstrated the positive effects of static forces. [27] In the present study, 3% strain was applied for evaluation of the effect of mechanical strain on differentiation of endometrial stem cells. Chen, et al., studied the effect of 3% and 10% strains on bone marrow stem cells and demonstrated that only 3% strain results in increased expression of osteoblast-specific genes; while 10% strain results in differentiation of stem cells to ligament/tendon. [18] This study indicated that the magnitude of strain can determine into what type of cells the stem cells will transform. Duration of strain has been different in various studies ranging from a few hours to several days or weeks. For instance, Simmons, et al., reported the effect of 3% strain on differentiation of stem cells after nine days. [28] We chose a two-week period in the present study in order to make a precise comparison with the effect of osteogenic medium.
For evaluation of the osteogenic differentiation response to mechanical strain, expression of proteins or osteogenic marker genes such as osteocalcin [29] and ALPL [30] is usually assessed. Tong, et al., investigated the expression of bone sialoprotein and indicated that uniaxial tensile strain can induce bone formation. [31] In the present study, expression of osteocalcin was evaluated by immunofluorescence and real-time PCR. Osteocalcin is a late marker for osteogenic differentiation. In our study, the level of expression of osteocalcin was significantly more in the positive control group than in the test group receiving mechanical strain.
Expression of ALPL was also evaluated by real-time PCR. This marker is usually expressed during the early phases of osteoblastic differentiation [8] and in our study its expression was significantly lower in the test group than in the positive control group. Researchers have demonstrated that bone remodeling can be facilitated by application of cyclic forces. [32] Future studies can focus on the effect of cyclic forces and use of three-dimensional scaffolds. It should be mentioned that the magnitude of exerted strain, its duration and type of stem cells may be responsible for the controversial results about the effects of mechanical strain on stem cell differentiation.
CONCLUSION
To the best of our knowledge, the present study is the first to evaluate the effect of mechanical stimuli on endometrial stem cells. In summary, this study showed that application of 3% static tensile strain for two weeks could not cause a high-quality osteogenic differentiation in endometrial stem cells compared to cells placed in an osteogenic medium. It seems that longer or cyclic application of strain is necessary for induction of proper differentiation. Therefore, chemically-induced differentiation is still the gold standard for osteogenic differentiation of endometrial stem cells.
